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PRELIMINARY PYVESTIGATION OF FLOW FLUCTUATIONS DUFUNG 

SURGE AIVD BLADE ROW STALL I N  AXIAL-FLOW COMPRESSORS 

By Merle C. Hugpert 

A prelFminary  investigation of the flow fluctuations of surge and 
blade row stall. was conducted wtth  three  single-stage  axial-flow com- 
pressors with hub-tip  ratios of 0.9, 0.8, and 0.5 and a multistage 
axial-flow  compressor. 

Flow fluctuations of large amplitude associated with stall  were 
detected in all compressors investigated. The fluctuations were caused 
by low f low regions  affecting 25 t o  40 percent of the annulus area and 
propagating in the direction of compressor rotation,  but at a lower 
speed. Two apparently  distinct  types of propagating s ta l l  were detected. 
The f i rs t  type  consisted of a single stalled region with reversed flow 
which occurred following a sharp drop i n  compressor pressure  ratio.  The 
stalled region  propagated in the direction of rotor  rotation a t  approxi- 
mately  one-third compressor speed. The second type  consisted of several 
equally spaced stalled regions  associated with a progressive s ta l l  along 
the  rotor blade span. The stalled regions  propagated in the direction 
of rotor  rotation a t  approximately 85 percent of rotor speed. 

L 

.. 

H l d  audible  surge w&s obtained  with the single-stage compressors 
with hub-tip  ratios of 0.9 and 0.8. No audible  surge was detected w i t h  
the 0.5 hub-tip r a t i o  stage. 

A severe  audible  surge was obtained wlth the  multistage  axial-flow 
compressor. The surge  point was coincident  with the sharp drop in   pres-  
sure r a t i o  due t o  stall.  

IIEBODUCTION 

Compressor surge i s  generally  considered t o  be the result of an 
ins tab i l i ty  of the f l o w  process in the compressor and the system t o  
w h i c h  it is attached. The instability results in large flow and pres- 
sure fluctuations that may produce vibrations and audible sounds in the 

duced as w e l l  as the fluctuations in pressure measuring instruments have 

. 
- compressors and auxiliary system. The characterist ic audible sounds pro- 
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generally been  used t o  detect .the condition of surge i n  compressor per- 
formance evaluation. 

Surge is an important problem i n  Je t  engine operation because of the 
limit it imgoses on engine s tar t ing and acce le ra t ik .  Iiiasirmch as surge 
is  the l o w  flow limit of the compressor, L t  niky be 'encountered d u r a  
engine  acceleration if there i s  insufficielrt margin  between the surge 
limit line of the compressor and the  equilibrium  operating line of the  je t  
engine. In some engines, par t iculsr ly  tliose  having high pressure  ratios,  
the  equlllbrium  operating  line may cross the surge line at  intermediate 
rotative speeds. 

Observations of the  chaxacteristics of the pressure  fluctuations 
within  the compressor during  surge  (references 1 and 2)  indicate that 
the  frequency and amplitude of the  pressure  fluctuitions.  are somewhrtt 
affected by the volume of the chamber between the compressor and i t s  ou t -  
l e t  th ro t t le .  In general, a decrease in volume resulted i n  a decrease 
i n  the BsSplitude of the  pulsation and an increase  in  the  frequency,  but 
i n  no significant change  of the weight  flow at"which -surge  occurred. 

The conditions  required  for  flow  instability  (surge)  are studied 
theoretically in references 2 t o  4. In reference 2, it is reported 
that, theoretically,  surge is  lihely - to-  0cc-e -when the  slope of the  cm- 
pressor  dmracterist ic curve of pressure ratio agafnst weight f l o w  at a 
given rotational speed i s  positive,  while the authors of reference 4 
indicate that surge in multistage  axial-flow.compressor8 may occur when 
the  slope is  slightly  negative. In general, a positive  slope of the 
compressor characterist ic curve i s  caused by stall of a l l   o r   p a r t  of the 
blading in the compressor. The slope of the over-all campressor chasac- 
t e r i s t i c  i s  approximately  the  average of the slope of' the  individual 
stages  (see  reference 5) .  Inasmuch as some of the stages may be s ta l led  
over a considerable  part of the surge-free  operating  range of a compres- 
sor, stall is  not a sufficient  condition for surge, although s ta l l  gen- 
e ra l ly  exists in some par t  of the compressor at the surge point. 

Recently it has been  observed that blade row stall may produce 
rather  large flow fluctuations. In  reference 6 it is stated that stal- 
l ing  of the diffuser vanes of a centrifugal coqressor may be nonuniform 
because of small difrerences between the vanes. These differences may 
cause one vane t o  stall  before  the  others,  giving rise t o  a reversed 
flow through that diffuser passage. Thia reversed  flow w i l l  in terfere  
with  the f l o w  in  the  adjacent vane (in the direction of the  tangential 
velocity) and cause it t o  stall,  and ao on around the compressor. After 
the  adjacent vane has stalled the originally s ta l led  vane unstal ls  such 
that air  flows in through par t  of the h p e l l e r  eye and out  through the 
r e s t  of the eye. The stalled region  rotates i n  the direction of impeller 
rotation, but more slowly. A similar phenomenon observed during stall  



NACA RM E52E28 - 3 

. 
with an impulse  axial-flow compressor rotor  i s  reported i n  reference 7. 
The reversed flow region w a s  detected  by means of tufts on the  rotor  

flow  region  occupied from 15 t o  40 percent of the annulus area. 
- blades and a,nnulus walls ahead of and behind the  rotor.  The reversed 

Reference 8 reports the results of a rather extensive  hot-wire 
anemometer investigation on a centrifugal compressor consisting of an 
inducer and impeller  discharging  into a vaneless  diffuser. Two d is t inc t  
pulsating  flow  regions  separated  by  stable  regions were found, one in i -  
tiated by Fnrpeller f low  instabi l i ty  and the other,  by  inducer  flow  insta- 
b i l i t y .  Reference 2 reports three unstable regions  separated  by stable 
regions of flow. O n l y  the most severe  pulsations  associated with a 
sharp drop i n  pressure  ratio were audible. The type of stall phenomenon 
reported  by  reference.s 6 and 7 was also detected in the  inducer  section 
of the compressor of reference 8; however, m r e  than one stalled region 
was found t o  exist. A t  some operating  conditions five d is t inc t  stalled 
regions were detected, and the stalled regions  propagated in the  direc- 
t ion  of wheel rotation  but more slowly, as was the  case  with  the  dif- 
fuser s t a l l i n g  reported in reference 6. 

L The phenomenon of self' propagating  or  rotating stall is, i n  general, 
a different  type of i n s t ab i l i t y  from that associated with surge. The 
various  surge  theories  presented in  the past  (references 2 t o  4)  have 

through which becomes unstable when the pressure  ratio  has  reached i ts  
maximum fo r  a given  speed. In r e a l i t y  the compressor blade rows consist 
of n m r o u s  diffusing passages  operating in paral le l .  Self'  propagating 
or  rotat- s ta l l  i s  an instabi l i ty   associated w i t h  t h i s   p a r a l l e l  opera- 
t ion  of blaae passages, whereas surge is associated with the   ins tab i l i ty  
of the compressor operating  in series with a receiver and a thro t t le .  

- considered the compressor as a simple one-dimensional  device the f l o w  

Inasmuch as s ta l l  is, i n  general, a necessary  condition  for  surge, 
the flow fluctuations of propagating s ta l l  are likely t o  be present i n  
some par t  of the compressor,prior t o  surge. 

The significance of the self propagating  or  rotating  regions of 
reversed flow is  not  completely  understood at present. However, it is 
evident that large-scale  fluctuations may occur in a compressor which is 
not  surging auaibly. Whether such large-scale  inaudible  fluctuations 
are detrimental  to  the compressor remains t o  be  determined3 however, 
they are a possible  exciting  force  for blade vibrations. 

In  multistage axial-flow conqressors, stall of any stage with loca l  
reverse flow may have a considerable  effect on the preceding and the 

the through  flow would be concentrated in somewhat less than  the f u l l  
annulus area, thus increasing the axial velocity in  these regions. 

- following stages. If the stalled region were t o  extend to   o ther  stages, 
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The  purpose of t h i s  ipyestigation  at t he  NACA Lewis laboratory  is 
the  further  study of the  nature -of  -the flow tGo* -sin@e-stage  and 
multistage axial-flow compressors  when  stall  and  surge  are  encountered. 
Surveys  were made with  hot-wire anamgetera in three  single-stage  axial- 
flow  compressors  with  hub-tip  ratios of 0.9, 0.8 and 0.5.. Surge in a 
=-stage  axial-flow  compressor  designed for a pressure"rF5io of 8.75 Xas 
investigated by the  use of hot-wire  anemometers and pressure  transducers. 

. - ? -  -. 

APPARATUS 

Single-Stage  Compressor  Installations 

A schematic diagram of a single-stage  compressor  setup  is shown in 
figure 1. A i r  entered  through  the  orifice  tank and a motor-operated 
inlet  throttle  into a depression  tank  eqyipped  with  screens to provide 
a uniform distribution of air at  the  compressor  inlet. A i r  w-as d i s -  
charged from the  compressor  into a receiver  connected to. the  altitude- 
exhaust  system by two  outlet  pipes. The instrumentation  used  to  obtain 
over-all performance was sfmilar to  that  described in reference 9. 

" . 

Three  single-stage  configurations  each  with a rotor  tip  diameter of 
14 inches  were  used in this  investigation: a typical  exit  stage  of a 
multistage  compressor  with a hub-tip  ratio of 0.9, a typical middle stage 
with a hub-tip  ratio of 0.8, and a-typfcai-Shlet stage with a ha-tip 
ratio of 0.5. All stages  were-designed for comtant enthalpy  and  approx- 
imately  symmetrical-velocity  diagrams  at  all  radii  excep't"the 0.9 h-di-" 
tip  ratio  stage,  which was straight  bladed  with a symmetrical  velocity 
diagram  at  the  pitch  radi?.  The  nuuiber .of. bhdes in  e6ch  blade row Of 
the  comgressor is- Ilsted in the following table: 

- . - . . . . - . . - . . 

Compressor 
hd-tip 

Number of 

rat  io 
guide  vanes 

0.9 

.5 
40 .8 
38 

40 

. 

-..:.. " . 

The  vector  diagrams  for  the  three  single-stage  compressors  are 
sham in figure 2. The diagrams for the.Q.9 w d  0.8 hm.-tip  ratio  com- 
prxssor w e  design dj-agrssrs, whereae  the  diagrams  for  the 0.5 hub-tip 
ratio  compressor  were  computed f rom the  test  data  at  design  speed and 
weight flow. 
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- 
Multistage Compressor Instal la t ion 

- The coqressor  investigated was designed f o r  a pressure r a t i o  of 
8.75 and a weight flow of 155 pounds per second with a ro to r  t i p  diameter 
of 33.5 inches. The over-all performance of the compressor and a descrip- 
t ion  of the   ins ta l la t ion  are given in  reference 10. 

Instruments f o r  Detecting Flow Fluctustions 

Hot-wire anemometers made of tungsten  wire 0.0002 inch i n  diameter 
and 0.08 inch in effective  length and oriented normal t o  the mean flow 
direction were used t o  measure and detect flow fluctuations. Constant 
wire-temperature  operation was employed by  the methods described in ref-  
erence U. The q l i f i e r  incorporates  negative  feedback such tha t   the  
anemmeter resistance (and consequently  temperature) is maintained con- 
s tant .  The Instantaneous  voltage drop across  the  wire  necessaryto 
maintain i ts  resistance  constant was amplified and recorded  either on 
an oscillograph or  photographically from a cathode ray oscilloscope. 
The time-average anemometer current was measured by an ammeter. - 

The  method of converting the voltage  fluctuation  across  the anemm- 
e te r   to   f luc tua t ions  in mass flow rate pV used in interpreting the 
data is presented in appendix A. An audio-frequency osc i l la tor  was used 
in  conjunction Wzth the cathode ray  oscil loscope  to determine the fre- 
quency of the fluctuations. 

Pressure  fluctuations were measured with  strain-gage-type  pressure 
transducers used in conjunction with a s t r a in  analyzer and a recording 

. oscillograph. The pressure  transducers were used t o  measure the f luc-  
tuations in stagnation  pressure. 

The results consist  largely of oscillograms of hot-wire anemometer 
and pressure  transducer  output. An explanation of propagating s t a l l  and 
a method of &terming the nuniber of stalled regions and their   d i rect ion 
of rotation  are  included in  appendix B. This information is required 
f o r  the  interpretation of the test results. 

Single-Stage Compressor with Hub-Tip Ra t io  of 0.9 

Hot-wire anemometers  were ins ta l led  at each of two s ta t ions   in   the  
compressor: a t   the   p i tch   rad ius   a t   s ta t ion  0 about 1/2 inch upstream of 
the   in le t  guide  vanes, and at the pitch  radius at s ta t ion 3 about 
1/2 inch downstream of the s ta tor   (see  f ig .  1). 
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. The cqpressor  performance map .is shown h. f-igure 3. The regions 
where large  amplitude4luctuations were f i r s t  indicated by the anemom- 
e te rs  as the a i r  f l o w  was reduced are shown by- the shaded areas. A 
typical  oscillogram showing these  fluctuations i s  presented in   f igure  4. 
(The s ~ o l s  used herein are defined in appendix C.  1 The top  trace was 
obtained from the anemmeter installed  at . .6tation 0 upstream of the 
in l e t  guide vanes and the bottom trace,  from the anemoieter instal led 
a t  s ta t ion  3 downstream  of the stator  blades. The signal from the 
anemmeter at s ta t ion 3 was f i l t e r e d  so that flow  fluctuations  with a 
frequency  greater  than 1000 cps, largely blade wakes, are not shown  on 
the  oscillogram. The filter caused a 180° phase shift in  the  signal so 
that a reduction in flow is indicated by a- %lownwxrd deflection of the 
lower t race f rom s ta t ion 3 and by  an upward deflection of the top  trace 
from s ta t ion 0. The amplitude of the fluctuations i n  mass flow rate pV 
divided  by  the man value ApV/f l  = 1.2, as determined  by the method of 
appendix A. This i s  a rough  average  of the-value from several   oscil lo- 
grams and is given only  to-  indicate the &@litu& of the  fluctuations . 

.. " " . 

. -  
. I  

The -tallation of two memonetere a t  s ta t ion o (one anemometer 
w&s kept i n  a fixed position and the other was located at each of 
several angular positions from the fixed ammeter) showed, by the 
methods presented in appendix B, that there W&E one region of  low flow 
aqd that it was revolving about the axis of rii5ation of the compressor 
at a rotat ive speed less than that of the compressor but i n  the same 
direction. 

,-, . 

The following table 6w.umarizes the  hot-wire data obtained at three 
compressor speeds : 

Compressor 
rotat ive 

j 233 

Fre quem y Number of h 
with which 1 low f l o w  I 
stall  passed regions in 

. 

." 

These data indicate that the stall  propagates around the  axis of this " 

compressor a t  about 30 percent of the compressor speed and is evidently 
much the sane as the  pressure-rise s ta l l  discussed in reference 7. 
Reverse flow was indicated  by  the  oscillograms  obtained. with a weight 
flow somewhat lower than that at which the oscillogram shown in .figure 4 
was obtained. 

." 
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- 
Audible surge was not  encountered in the speed range f o r  which over- 

a l l  performance m s  Gbtained (fig. 3). However, audible surge w i t h  a 

this speed the flow  fluctuations of propagating stall  when f i r s t  encoun- 
tered were intermittent,  appearing and disappearing  during  the flow 
fluctuations of the  surge. 

L frequency of from 10 t o  L5 cps was obtained at a speed N/& = 267. A t  

3 BingleStage Compressor with Dub-Tip Ratio of 0.8 In cu 
I n  order to  investigate the s ta l l  and surge characterist ics of this 

stage, two hot-wire anemometers were instal led between the  rotor  and the 
s ta tor   (s ta t ion 2, f ig .  1) i n  radial traversing mechanisms. Provisions 
w e r e  made f o r  locating the anemometers at each of several angular posi- 
tions. 

The performance characterist ics of t h i s  compressor at equivalent 
rotat ive speeds N/f l  of 162 rps  and 207 rps  are shown i n  figure 5. 
S t a l l  w a s  f i r s t  encountered at the rotor t i p  and was indicated  by an 
increase Fn the size of the blade wakes. An oscillogram of initial 

shown i n  figure 6. A slight further reduction  in weight  flow resulted 
i n  a whistling sound a t  the point marked A on the performance  curve 
shown in figure 5. Oscillograms  obtained at S ~ X  radial   posit ions at 
point A (fig.  5)  with two anemometers separated  by angle a = 600 
are shown i n  figure 7. The frequency of the  fluctuations was l l 20  cps, 
and eight stalled regions were indicated  by me of the methods of appen- 
a x  B. The stalled regions were propagating in the direction of com- 
pressor  rotation. The amplitude of the fluctuations a t  the blade t i p  ie 
somewhat larger than that of those at the blade root. As the weight 
flow was reduced t o  that at point B (fig.   5),  the s ta l l  pat tern remained 
the same but the amplitude  of the  fluctuations at the root was increased, 
with no appreciable change at the t i p .  

- stall  of the   ro tor   t ip  and an oscillogram of the normal t i p  wake are 

" 

A sharp  drop i n  pressure  ratio  occurred  with a slight reduction in 
weight flow from point B as indicated in figure 5, and the oscillogram 
taken a t  point C appears as shown i n  figure 8. The s ta l l  frequency f 
was 59 cps and one stall  region W&S indicated  bythe method  of appen- 
dix B. The amplitude of the fluctuations ApV/pV is approximately 
1.3, about the same as with the single-stage compressor with hf i - t ip  
r a t i o  of 0.9 (fig.  4). 

A hysteresis loop was noted in  that the sharp rise in pressure  ratio 
did  not occur until the weight flow was increased t o  a value (point D, 
f i g .  5) larger  than  that  at which the sharp drop in   p ressure   ra t io  
occurred. 
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Surge was not  encountered at- an equivalent compressor speed of 
162 r p s .  The only flow  fluctuations were  due to  the  propagating stall  
regions. 

A t  a compressor equivalent  .rotative speed g / f i  = 207 the initial 
t i p  stall occurred .at point E af figure 5. A t  .a s l igh t ly  reduced 
w e i g h t  flow  (indicated i n  f ig .  5) a mild audible surge was obtained, 
and the higher  frequency  flow  fluctuations of stal l  appeared t o  be inter-  
mittent on the oscilloscope  screen. In order t o  measure the   Wl i tude  of 
the low frequency  surge  fluctuation  the  output of one of the two anemom- 
eters  located at the  rotor  pitch  section (a = 4 1 ~  lo) was f i l t e r e d   t o  

pass  only  those  fluctuations of fewer than 100 cps and amplified  with a 
d-c amplifier. The  output of the other an&ometer was f i l t e r e d   t o  $ass 
all fluctuation6 of fewer than 12,000 cps &d w a s  a q l i f i e d  with an 
a-c amplifier. Motion pictures were taken of the  oscilloscope  screen 
during  the  surging . c m t i g n .  Th? flu?xations &ring a single  surge 
cycle are shown in  figure 9. The lower trace i s  f rom the anemometer 
whose output was  filtered to  pass  fluctuation with a frequency of less 
than 100 cps, and the  top  trace i s  from the anemometer f i l t e red   to   pass  
f r e q u e n c i e s 2  t o  12,000 cps. The amplitude of the surge flow  fluctua- 
tions ApV/pV varied somewhat from cycle t o  cycle  but on the average 
was approximately 0.10. The surge  frequency varied .from -10 t o  15 cps. 
The amplitude of the  fluctuations of. s ta l l  varfes i n  phase w i t h  the ma88 
flow rate  variation due t o  surge. The -..-lit& .of the stall .. 

fluctuation & V / P  is approximately 0.6. 

~ > " " "_. . , -. . - .- - . . .,." 

As the weight  flow was reduced t o  point G the  surging  stopped, 
leaving only the flow fluctuations of propagating stall. Figure 10 
shows oscillogram  obtained at 6 radial positions a t  t h i s  weight flow 
(point G, f i g .  5).  The flow  fluctuations are much the same in ampli- 
tude as those obtained a t  an equivalent cog!pess.o.r speed..of. .162 r p s  
shown i n  figure 7.  There w e r e  eight  stalled  regions  propagating i n  
the  direction of cqres so r   ro t a t ion   bu t  at a lower speed. The fre- 
quency of the  fluctuation6 was, however, somewhat higher - 1420 cps 
as compared with 1120 cps at an equivalent. ratat_;ve-speed . .. of - 162 r p s  . . . .. 

As the weight  flow was further reduced tple nLmiber of s ta l led 
regions r a d  the same, but  the amplitude of the  fluctuations a t  
the  rotor  root  increased. A t  point H of figure 5 a sharp drop i n  
pressure  ratio occurrTd. The osc.illogram.obtained a t  point I i s  
shown i n  figure ll. These are the f low f luc tGt ion6  o f .  a: single 
revolving stall with a frequency of 77 cps and the amplitude of the 
fluctuations was approximately the same at  a l l  rad i i .  . j  

In  order tcs jnvestigate  the manner in  which the eight  stalled 
regions changed abruptly a t  point E ta one .stall at  point I (fig.  5) ,  
motion pictures were taken of the  oscilloscope.while  the compressor 
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- 
ou t l e t   t h ro t t l e  was being  closed.  Figure 12 shows the  osciUogram 
obtained at the time of the sharp drop in  pressure  ratio. The higher 

large  f luctuat ions  a t  t he  r igh t  of the  f igure  indicate a single large 
stalled region the  same as that shown in f igure ll, but  the  time  scale is 

- frequency  fluctuations are the same as  those shown in   f igure  10 and the 

Eo 

P 
UI increased  in'figure 12 so that the Wave form of the  large  stalled  region 
I+ can  be seen bet ter .  Inasmuch as  the  hot-wire anemometers used indicated 

magnitude of the mass f low r a t e  only  and not  direction, a reversed flow 
region would be indicated as a  second  peak near the  center of the low 
flow region, as shown i n  figure 12. 

The following  table summarizes the data taken on the  single-stage 
compressor with a hub-tip r a t i o  of 0.8 : 

Compressor 
rotat ive 
speed 

N / G  
(rps) 

16 2 
16 2 
207 
207 

Frequency 
wLth which 

Point on h Nimiber of rfi s t a l l ed  compressor 
stall  passed  regions 

(f ig .  5) h anemometer 
performance 

f 
( c m >  

1120 

.37 1 77 

.85 8 1420 

.36 1 59 
0.89 8 A 

C 
G 
I 

Single-Stage Compressor w i t h  Hub-Tip Ratio of 0.5 

In order to investigate  the stall  and surge  characteristics of this 
stage, two hot-wire anemometers  were instal led between the  rotor and the 
stator (s ta t ion 2, f i g .  1). The anemometers  were located with angle 
a; = 1050 each i n  a radial traversing mechanism. 

Hot-wire anemometer data were obtained at o n l y  one compressor  speed 
N / C  = 225 and the compressor  performance charac te r i s t ics   a t  that speed 
are shown *.figure 13. The compressor'weight  flow a t  which t i p  stall 
was first encountered i s  indicated by point A in   f igure 13. The hot- 
wire anemometer traces  obtalned a t  three radial  positions  with  the com- 
pressor  operating a t  point B are  shown i n  figure 14. The frequency 
of the stall was approximately 1200 cps. Although the fluctuations a t  
the outer  radial  positions are quite  large,   the  f luctuations  at  
R = 0.714 are  small. The data  taken were insuff ic ient   to  determine the 
nmiber of stalled regions. Although the w e i g h t  f l o w  was reduced t o  very 
low values, there was no value at which the pressure r a t i o  dropped 
sharply and the   s t a l l   pa t t e rn  changed abrugtly as occurred with the com- 
pressor with a  hub-tip r a t i o  of 0.8.  Furthermore,  surge was not  detected 
at any weight flow. 
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Multistage Axial-Flow Compressor 

The surge  and s ta l l  studies of the multistage  axial-flow compressor 
were confined t o  low-rota,tive  @eeds. With pressure  transducers at the 
compressor inlet stage and discharge annqua and two hot-wire anemometers 
i n  the seventh  stage  stator,  the  coqressor &a taken i n t o  surge a t  an 
equivalent  rotative speed of 51 rps.  

- . ". - " . 

Figure 15 shows the stagnation  presmre  fluctuations a t  the compres- 
sor W e t  and discharge during surge. During each-surge  pulse  the inlet 
stagnation  pressure  increased EcpproxFmately &z percent @/Po = +O .085),  

and the  discharge  pressure  decreased  approldmately 17 percent 
(AP/P3 = -0.17). The surge  frequency  varied From 1 t o  2 cps. The pres- 
sure  fluctuations at . the compressor inlet occur practically  simultane- 
ously with the  f luctuations  at   the compressor discharge. 

1 -  

In order t o  show the  small, higher frequency  fluctuations  super - 
imposed on the larger sur e fluctuations,. the time scale is  increased 
considerably i n  figure 15 t- b) .  These smaller fluctuations are believed 
t o  be due t o  propagating stall.  - . . .  . . . - 

The hot-wire anemometer traces shown i n  figure 16 a l so  show the 
presence  &.propagating s t a l l  in the seventh  stage. These data  indicate 
a flow  fluctuation & V / g  = a. 3 at t r ibutable   to  the surge  pulse. The 
amplitude of the_f"ou  fluctuation of the largest  amplitude  propagating 
stall vas &V/pTT = 1.2. 

These data indicate that during  surge  prapagating s ta l l  extends 
throughout ,the compressor; however, the Gta  obtained were insufficient 
to determine the nuniber of stalled regions. 

. .  

Inasmuch as the amplitude of surge Fncreased considerably with rota-  
t ive  speed f o r  this compressor, an effort was made t o  reduce the qli- 
tude of surge and increase i ts  frequency. To accomplish th i s   t he  volume 
of the  receiver chmiber between the compressor and the au t l e t   t h ro t t l e  
was reduced t o  approximately one-tenth i ts  original value.  Fixed-area 
or i f ices  were used as a thro t t le ,  and the compressor was operated with 
the   or i f ices  choked. The operating  line  with  the  fixed-area  orifice 
intersected  the  surge  line a t  an equivalent  rotative speed N / P  = 53. 
The oscillogram af compressor discharge  stagmtionpreasure again& time 
as the surge line wae encountered f a  shown i n  figure 17.  

Audible surge was not  obtained,  but small nonperiodlc  fluctuations 
i n  campressor discharge  stagnation  pressure were noted p r io r   t o  the sharp 
drop in pressure  ratio which occurred as the  previously  established  surge 
l i ne  was crossed. The stagnation  pressure a t  the compressor discharge 

. .. 

" - - 
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decreased  about 17 percent (AP/P3 = -0.17). After  the  sharp  drop i n  
pressure r a t i o  a propagating s t a l l  with a frequency of 58 cps and an 
amplitude AE'/P, = -0.05 is   indicated  ( f ig .  17 ) . The pressure  fluctu- 
ation with a frequency of about 12 cps, which occurred  fallowing the 
sharp drop in   pressure  ra t io ,  may be due to mild  surge,  although it was 
inaudible. The data  taken were insuf f ic ien t   to   pos i t ive ly   ident i fy   th i s  
condition  as  surge. A hot-wire aneniometer installed in  the f l r s t - s tage  

L 

4 s ta tor  also indicated the propagating stall.  These data indicate that 
z! the  propagating s t a l l   p o b a b l y  extended through the en t i r e  16 stages of cu the  coqressor,  just as w-as indicated i n  the  surge data of figures 15 

and 16. 

The sharp drop in  pressure at the surge line obtained with the l o w  
volume receiver i s  evidently analogous t o  the similar phenomenon observed 
in the single-stage compressor with a hub-tip  ratio of 0.8. 

Some indication of large  amplitude  fluctuations of propagating stall  
in   the   in le t   s tages   a t  weight flows somewhat larger  than  the flow fo r  
surge was  obtained a t  compressor speeds between 30 and 40 percent of 
design speed. 

No detailed measurements have  been made to determine which stages 
i n i t i a t e  the propagating stall  o r  how fa r  the phenomenon  extend.8 from 
the  init iating  atage.  However, the analysis of reference 5 indicates 
that, in  general, the inlet stages w i l l  be s ta l led  at low compressor 
speeds. 

DISCUSSION OF RESULTS 

Propagating S t a l l  

Large  amplitude flow fluctuations of propagating stall  were observed 
in  each of the  three  single-stage compressors  and the  multistage com- 
pressor. These data and the  information  inzluded  in  references 5 t o  7 
leave l i t t l e  doubt that pressure-rise s t a n  of a n  blades of a compres- 
sor ro to r  i s  unstable. Propagating stall  is the   resu l t  of  th is  insta- 
b i l i t y .  Theory for predicting  the number of stalled  regions and the i r  
propagating r a t e  i s  not  yet  available. 

The propagating stall  obtained with the three  single-stage  coqres- 
sors may be separated Fnto two types: 

* 1. Single stall region, low frequency  propagating stall.  This  type 
of s t a l l  propagates a t  approximately  one-third  rotor  speed in the d i r e c -  
t i on  of ro tor  rotation;  the amplitude of the  flow fluctuations ApV/pv 
is about 1.2 i n  the compressors investigated. Reversed flow was indicated - 
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i n  the middle of the stalled regions  (figs. ll and 12)  i n  some cases. 
Inasmuch as a sharp drop i n  compressor pressure r a t i o  occurs  simultane- 
ously  with  the  beginning of t h i s   s t a l l ,  it may be considered as the low 
flow l i m i t  of the  efficient  operating range of the  stage. The flow f luc-  
tuation amplitude is  approximately the same at a l l  radii with t h i s  type 
of s t a l l .  

2 .  Multiple stall  region,  high  frequency  propagating stall.  This 
type of s tall  propagates a t  approximately 85 pe-_r_cent of .rotor speed i n  
the direction of rotor  rotation  (figs.  7 an& 10) .  This propagating stall  
w a s  in i t ia ted  by ro to r   t i p  stall  and the amplitude of the flow  fluctua- 
t ionsassociated with it varieB w i t h  radius. The largest  fluctuations 
(ApV/pV = 0 . 7 )  occur a t  the ro tor   t ip .  T h i s  type of propagating s ta l l  
is associated with progressive s ta l l  along  the  rotor  blade length and 
consequently with a gradual decrease i n  comgressor pressure ratio as 
weight flow is  reduced rather  than with the sharp decrease  associated 
wi th  s t a l l  of type 1. 

The, data from the  single-stage compressor with hub-tip r a t i o  of 0.9 
indicate  propagating stall. of type 1. However, data were not  obtained 
with anemometers at s ta t ion 2 (fig.  1) between the  rotor a d  the  etator. 

The single-stage compressor with h&-tip  ratio of 0.8 exhibited 
propagating s t a l l  o f .  both  types 1 add 2. S t a l l  of type 2 w&s started  by 
s ta l l  a t  the  rotor t i p  and persisted unti.1.  type 1 occurred  with i ts  
attendant sharp drop in  pressure ratio (s.ee f i g .  5). 

The single-stage compressor with hub.-t;ip r a t i o  of 0.5 exhibited 
only  type 2 s t a l l .  Although the data obtained were insufficient  to  deter-  
mine the number of stalled  regions, the, amplitude and frequency of the 
flow fluctuations suggest type-2 stall.  %en though the weight flow 
through the compressor m s  reduced t o  very.low  values a sharp drop in 
pressure  ratio  did  not  occur. This effect  may be sbilar t o  that in   the  
inducer  section of a centrifugal pump, as emlained  in  reference 1 2 ,  
where the  stalled  region  at   the  inducer  t ip is thought of as a r ing eddy. 
The eddy increases  in si" as the weight flow- islreduced,  thus  keeping 
the axial velocity at the  blade  root  sufficiently  high to prevent com- 
p le te  stall  of the blading. . . .  . . .  

The data  obtained from the  'multistage compressor were not suffi- 
c ient ly  complete t o  -determine the rider 'of  stalJed  regions under any 
condition. However, the amplitude of large fluctuations  during  surge" 
suggests  type 1 stall.  The data obtained.  with the low  volume receiver, 
which apparently  eliminated  severe  surge,  also  indicate  type 1 s t a l l .  
The sharp dr-op i n  pre6stmE ra t lo ,  -.whetlie%- :&rC-Frj-&iied b$ surge o r  not, 
indicates the low fLow liniit of the  efficient  operating range of the 
compressar. . . . . . . .  ............... - 

- c  
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Propagating s ta l l  was confined t o  the front  stages of the compres- 

s o r  a t  weight  flows lazger  than the f l o w  for  surge a t  low compressor 

a multistage compressor affects  the performance of preceding and SUC- 
ceeding stages is  unknown, it s&ems l i ke ly  that type 1 stall  may have a 
pronounced effect  because the through  flow is  concentrated in somewhat 
less than  the f u l l  annulus area. 

- speeds. Although the  extent t o  which propagating stall i n  any stage of 

2 In force  for  blade vibrations. Inasmuch as the flow fluctuation  frequency 
The flow  fluctuations of propagating s ta l l  may be an excitation 

cu increases  linearly with rotat ive speed, resonant  vibration  could be 
excited at particular conpressor  speeds. 

Surge 

The surge  obtained with the  single-stage compressors with hub-tip 
ra t ios  of 0.8 and 0.9 may be described as m i l d  audible pulsations;  the 
f l o w  fluctuation of surge & V / s  w i t h  the 0.8 hub-tip r a t i o  compressor 
(see  f igs.  5 and 9 )  was  about 0.U at frequencies of from 10 t o  15 cps. 

but was  probably small. 
L The amplitude  of the pressure  fluctuations during surge w a s  not measured 

The surge  obtained wlth the  multistage cornpressor at N / 6  = 51 
with the large volume receiver was a large  amplitude  or  severe audible 
surge. Flow fluctuations & V / F  of a. 3 and stagnation  pressure 
fluctuations a t  the compressor discharge AP/P3 of about -0.17 were 
found at frequencies of from 1 t o  2 cps  (see  figs. 15 and 16). 

Large  surge  anrplitude did not  occur with the small volume receiver 
between the compressor and out le t   th ro t t le .  A sharp  drop i n  compressor 
discharge  stagnation  pressure  occurred as the  surge line was crossed at 
N / F =  53. The aaplitude of the  pressure drop was  about 1 7  percent of 
the compressor discharge  pressure,  or  about the same as the drop i n  
pressure  during surge with the Large receiver volume. 

The data of f igures 15 and I& indicate that the mass flow rate as 
indicated by the hot-wire anemometer i n  the seventh-stage s ta tor  is a 
maximum when the compressor discharge  pressure i s  a minimum and that the 
mass f l o w  rate decreases as the compressor discharge  pressure  increases 
at the end of the surge  pulse. 

SUMMARY OF RESULTS 

A preliminary  investigation of the flow  fluctuation of blade row 
s ta l l  and  compressor  surge-was  conducted w i t h  three single-stage.axia1- 
flow  compressors with hub-tip  ratios of 0.9, 0.8, and 0.5 and a m u l t i -  
stage axial-f low compressor. 
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Flow fluctuations af large amplitude associated  with.stal1 were 
detected  in a l l  compressors investigated. The fluctuations were caused 
by l o w  flow  regions.affecting 25 t o  40 percent of the annulus area . .. 

propagating i r . the   d i rec t ion  of compressor rotation,  but a t  a lower 
speed. Two apparently  distinct  types of .propagating s ta l l  were detected. 
The f i rs t  type  consisted of a single  stalled.region with reversed  flow 
which occurred  following a sharp drop i n  compressor pressure  ratio.  The 
stalled  region  propagated in  the  direction  of.ro.tor  rotation at approxi-. 
mate- one-third compressor speed. The secona type  consisted of eight 
equally spaced stalled  regions  asfiociated  with..& grogressive stall along 
the  rotor blade span, The stalled regions propagated in  the  direction ~ .. .: 3 - 
of rotor   rotat lon  a t  approximately 85 percent- of - r o € k  speed. 

. .  . , .~ 
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Mild audible  surge was obtained with the single-stage compressors 
with h ~ - t i p   r a t i a s  of 0 .9  and 0.8. No audible surge  was detected with 
the 0.5 hub-tip  ratio  stage. 

" 
" 
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A severe audible surge was obtained  with  the  multistage  axial-flow . .. " 

compressor. The surge  point was coincident  with  the  sharp drop in   pres-  
sure  ratio due t o  stall .  

.. 

. .. 
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APPENDIX A 

- METHOD 03' DEmRMINING FLUCTUATIONS IN pV FROM 0SCILT;OGRAMs 

N The osciJlogrean of the hot-wire anemometer output i s  a measure  of 

r- cn the  voltage drop across  the anemometer necessary t o  maintain it a t  a 
fixed  resistance and consequently constant  temperature. The time-average 
value of the anemometer current is proportional t o  the time-average value 
of voltage drop across  the anemometer. 

The voltage drop e across  the anemometer is related t o  the flow 
rate pV past  the anemometer by the  heat-transfer  characteristics of a 
heated wire in an a i r  stream. Reference 14 indicates  that  the  heat- 
transfer  charact@,sticS of hot-wire anemmeters can be correlated  sat- 
isfactorily by the following f d a  ( U g ' s  law) : 

The factor g(M) is a function of Mach nmiber, a d  both C 1  and C 2  
are determined by calibration. Solving (a) for pV results in the 
following expre s s ion : 

By use of the  relation e = in , 

If the  effect of Mach rider on g(M) and possible varriation in Te 
d u r a  a fluctuation in  pV are neglected, 

PV = g ( 4  (A5) 

Fluctuation in pV will cause variations Fn e about some time- - 
8 average value e j then 
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Inasmuch as primary interest  is in themagnitude of the pV fluc- 
tuations compared wlth  the average  value, it w i l l  be convenient t o  exprees 
the pV fluctuatioPlrrln terms of the  voltage  fluctuation.acros8  the  ane- 
mometers  a8  meaaured from the  oscillograms.  Defining 

and expanding (A6) i n  a Taylor ser ies  give 

us in@; . . .  

where 

( A  and B are assumed constmt  durhg  f iuctuat ion  in  pV. )  
. . . . . . . . 

1 

1 

. ". 

- 

-, - 

.. 

g t q q  3 - 
A2 
24 
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When (AlO) i s  substituted in (A8),  

1 

17 

( A l l )  

results. Rearranging (All) and dividing both sides by g ( F )  give 

From (A6) and (A7) ,  

The factor 
-2 -2 

From (A9) 

but 
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When pV = 0, e = eo so 

and 

-2 
e 1 
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Substituting ( U S )  . a n d  (A13) in ( A X )  yields 

J 
A plo t  of & V / s  against Ae/e for V ~ L Y U B  values of eo/Z I s  pre- 
sented in figure 22. The mass flow rate pV is zero when 

Ae - e 
e - ="-1 e e 
-3 
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APPENDIX B 

UI 
N 
U 

EXPLANATION QF PROPAGATIt?G STALL AWD METHOD OF D E " I N I N G  

NUMBER OF STALLED REGIONS 

Explanation. of Propagating S t a l l  

An explanation of propagat- stall is  given i n  references 6 t o  8. 
A similar explanation is included  here f o r  completeness. 

A two-dimensional  cascade of compressor blades  (diffusing) is con- 
sidered stalled when the maximum turning i . ~  obtained or  when the maximm 
value of stat ic   pressure rise divided  by  inlet  velocity head Ap/q 'is 
reached,  as  indicated In f igure 18. (See reference 13. ) An explanation 
of the  instabi l i ty  of uniform stall  of a J l  blades in the  cascade may be 
W e  consider-  the two-dimensional  cascade charac te r i s t ics .   Smose  
a compressor rotor is operating such t h a t   s h e  blade  section a long  the 
span is  a t  a stalled  condition  (pressure-rise stall) and that  the stall 
is uniform from blade to  blade in  the  rotor. A local  reduction in veloc- 

r o t o r  to exceed t h e   s t a l l  angle and, as  indicated in figure 18, the 
blades suib jected t o  the  higher flow angle are incapable of supporting 
the  pressure rise of the  res t  of the  blades. The flow in  the  affected 
blade  passages W I L L  consequentlybreak down completely and the flow will 
be greatly reduced and possibly  reversed in direction. Because of t h i s  
reduction or  reversal in flow, incoming air will be sp i l l ed  t o  adjacent 
blade  passages,  as shown in figure 19. This spil lage w i l l  subject  the 
blades on one side of the  affected  passages to higher flow angles and 
the  blades on the  other  side t o  lower flow angles as  sham. In this * 

manner the low f l o w  region  propagates around the annulus as indicated 
i n  figure 20. This new flow pattern w i t h  propagating s t a l l  is evidently 
stakle,  but the through flow is concentrated in somewhat less  than  the 
full annulus area. 

L i t y   a t  some posit ion w i l l  cause the  local  flow angle B re la t ive  t o  the 

Method of Determining Nmiber of Sta l led  Regions by Use of Two 

Anemomemters Displaced  Angularly in Compressor Annulus 
8 

In order t o  derive the expression  necessary t o  determine the number 
of stalled regions  by use of two anemometers displaced  angularly in the 
plane of instrumentation  (fig. 21(a)), it will be convenient to assume 
tha t   the  number of stalls and their   d i rect ion of rotation  are known. 

The stalled  region  passes each anemometer s ta t ion  f times per  sec- 
ond, and 

f = h h  (B1) 



20 - NACA RM E52E28 ." 

The output sigaals of the two anemometers displaced  angularly a degrees 
appear on the  oscilloscope as shown Fn figure.  21(b). If the  stalled 
regions  are  rotating clockwise as  tndicated in figure 21(a), s t a l l  will 
pass  each anemometer every l/f seconds, and a given s t a l l  w i l l  pass 
anemometer 1 f i r s t  and pass anemometer 2, CG seconds l a t e r .  &asmu& 

360h 
as the stalls axe quite similar, one s t a l l  cannot  be distinguished from 
another, so 5 cannot, in general., be determined fr,m a single  oscil-  

36Oh . . . . . . . . .  - . 

logram. The phase sh i f t ,   tha t  is, the time x, can be read  directly 
from the  oscillogram. For the example  shown, 

x=" U 1 
360h 

v =-a- 
360 

A f 
. 

y = - - l  a 
V (B3) " . 

If there had  been twice  as may stalled  regions, . .  " 

a 2 x=" 360h 

y = - - 2  a 
V 

Then, in  general,  with  the stalls rotating in the  direction  sham i n  
figure 21( a), 

a n 
360h f 

x="- 

and 

~ = ~ - n  U 
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- 
where n is the nmiber of stalls enclosed in angle a and, consequently, 
an h t e g e r .  The value of y then  vwies  with a/u as shown in f ig -  - ure 21(c). When equation (X) is differentiated.  with  respect  to a, 

N 

is obtained  provided a / V  is not an i-ateger, in which case  the  deriva- 
tive does not ex is t  in the usual sense  because  y is  discontinuous at 
these  points. 

E the stalls had  been rotating in  the  direction  opposite  (counter- 
clockwise) t o  t ha t  indicated in figure  2l(a) , a stall would have passed 
anemometer 2 before  passing anemometer 1. For caclnterclockwise rotation 
the  oscillograms would appear as shown in figure 21(d). In this   cme,  

2 a 
f 360h 

x = - -  - 

y = 2 - -  a 
V 

4 

E there had been  twice  as many stalls, 

y = 3 - 5  a 

and, in general, 

y = n + l - -  a 
V 

Aplo t  of y  against a/u is shown in f igure  2l(e)  where n is, as 
before  (equation (X) ) ,  the nurnber of s t a l l s  enclosed in angle a and, 
consequently, an Fnteger.  Diflferentiation of (B7) with  respect t o  a 
gives 

Q"" 1 A- 
da- U 360 

"- 
provided. a /u  is not an integer, In which case  the  derivative (B8) does 
not  exist .  

.- In order to determine the nmiber of stalls x in any given  case, 
I two memometers aze needed w-ith provision f o r  varying  the  angle a. IT - one of the anemometers i s  on a movable mount such that a may be varied 

continuously, X can be  determined unaafbiguously from equation (B5) 
or (B8). 
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When the anemometers me located in fixed positions such that a is 
changed by steps, the number of stalls n included in eaEh value of u " 

-. 

m u s t  be  c&sidered. From equation ( B 4 )  and 

360 u = T  

there is obtained 

a A+ y'"n 
360 

d 
d 
10 cu 

. . .. o r  

A+ = (Y + 4 y- 360 

for s ta l l  rotating clockwise. From (B7) , 
y = n + l - -  a A" 360 

o r  
360 

A- = ( n +  1 - y) y- 
for counterclockwise rotation of the  stalled  regions. 

.: L T  

" . 
For various  values of a, y is 

determined from the oscillograms; then 
h may be computed for values of 

n = 0,1,2,3,. . . k by use of equa- 
tions (BS) and (BIO) , and tabulated as 
shown Fn the accompanying table.  Unless 
y is measured quite  accurately h may 
not  be an integer; however, the  nearest 
integer  should  be tabulated. 

-I- 

" 

" 

L 

0 

1 
2 
3 
k 

0 
1 
2 
3 
k 

- 

The correct  value of the nuniber of 
stalls A and their   direction or rotation 
w i l l  appear for every  value of anemometer 
spacing a and the  corresponding  value of 
y measured from the  oscillogram. If the 
rotation i s  clockwise the  correct  value of 
h w i l l  recur under the column *; ma. if 
the  rotation is counterclockwise  the  cor- 
rect  value of h w i l l  recur i n  the column 
h- . If more than one value of h recurrs, 
additional  values of a must be t r i e d   t o  
detexmine A .  

- 
0 
1 
2 
3 
k - 

" 
" 

Z L  

. .. 



NACA RM E52E28 23 

APPEND= C 

SYMBOL3 

The following synbols we used in this report: 

A 

e 

e0 

f 

. 

9 

R 

T 

U 

v 
.. 

.. w 

p ~ ~ e t ~ ,  '(% - ' P , ) c~~(M)  

pm-ter , CJCZg(M) 

constants in  equation for  heat-transfer  characteristics of 
hot-wire anemmeter (see equation (E) ) 

voltage drop across hot-wire anemometer, volts 

voltage drop across hot-wire anauometer w i t h  zero f l o w ,  
volts 

frequency w i t h  which disturbance  passes hot-wire anemometer 
or pressure  transducer, cps 

indicates  functional  relation with quantity in parentheses 

rotative speed of a  propagating stall  region, r p s  

current thro@ hot-wire anemometer, amp 

integers  (see appendix B) 

compressor rotative speed, rps 

stagnation  pressure, ~ b / s q  f t  

s ta t ic  pressure, lb/sq f t  

1 p?, n/sq f t  
2 

ratio of radius t o  t i p  radius 

t q e r a t u r e ,  OR 

ro to r  blade speed, ft/sec 

velocity,  ft/sec 

velocity  relative t o  r o t o r ,  ft/sec 
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w weight  flow, lb/sec 

X 

X time between appeasance of a flow fluctuation on oscillogrem 
from one of two anemometers and appearance of a flow fluc- 
tuation on other anemometer (see f ig .  20), sec 

Y vz& 
. .  . . . .  . . .  ... Y xf 

U angular displacement between two hot-wire anemometers, deg 

.". 

B angle between velocity and axial  direction, deg 

6 compressor inlet stagnation presaue divided  by  standard 

e compressor inlet  stagnation  temperature  divided  by  standard 

pressure, P1/2116 . .  

temperature, T1/518. 6 
. . -  - 

h nlzniber of propagating- s ta l l  regions in  annulus 

P angular displacement between two propagating stall regions, -. 
. . . . . . . . . . . . .  "" . . . . .  . . . . .  de  g 

. . . . . . . . . . . . . . . .  
P density,  slugs/cu f t  . . - -  - 

PV mass f l g w  ra te  corresponding t o  time-average anemometer 

". " 

- 
current, slugs/(sq f t )  (sec)  (see  equation (A7)  ) 

h resistance of hot-wire anemometer, ohms 

Subscripts : . .  
. - - " . 

e used as subscript on T to   indicate   effect ive gas tempera- 
ture (see appendix A) 

used to--associate  value of? a anti possible  corresponding 
values of X (see appendix B) 

t r o t o r   t i p  

W hot-wire anemometZr 

-. *-- 
. " 

"- 
".> 

z axial  component 

e tangential component 
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0 s ta t ion  at comp;lessor w e t  (f ig .  1) 

1 sta t ion  between inlet guide vanes and rotor (fig. 1) 

25 

2 s ta t ion  between rotor md stator  of sin@;le-stage compressors 

3 s ta t ion a t  compressor &ischarge  (fig. 1) 

(f ig .  1) 

Subprescript : 

0,1, . . . k indicates  value af n used in determining h (see apgen- 
dix B )  

Superscripts: 

+ indicates clockwise rotat ion of propagating s t a l l  

- indicates  counterclockwise  rotation of propagating stall 

1 (prime)  indicates  differentiation 

- (bar)  indicates t3me-average value 
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Figure 1. - Schematic diagram of compressor  inst;allation. 
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X I  = xg = 0.280 

Mean radius 

(a) 0.9 hub-tip ra t io  stage. 

Figure 2 .  - Vector velocity diwams for single-stage axial-flow compressors. 
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1 

x1 = Qj = 0.206 

Mean radius 

. X1 = X3 = 0.175 
X2 = 0.725 

Y2 = Y3 = 0.677 

Hub 

(b) 0.8 hub-tip ratio stage. 

Figure 2 .  - Continued. Vector velocity diagrams fo r  single-stage 
axial-flow colqpreesors.. 
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X1 = 0.265 
% = 0.525 

Xg == 0.279 
Yl 5- 0.426 
Y2 8 0.423 
Yg s 0.407 

- I  \\ % = 0.762 

pq. 1 
Mean radius - 

. ". - " . 

x1 = 0.140 R1 = 0.538 
$ = 0.403 % = 0.571 
X3 0.132 
Y1 = 0.460 

Hub 
x- . 

. _" 

" 

. - . . . " 

( c )  0.5 hub-tip r a t i o  stage. 

Figure 2. - Concluded. Vector velooity diagram for .  single-stage ~kxlal-flow compressom. 
. . _". ." 
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- ( r e s )  Region of initial 
0 167 propagating stall 

1.30 200 - -- ( ~ e e  f ig .  3) 
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1 .oo 
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Equivalent  weight flow, wfi/S, lb/sec 

Figure 3- - Over-all performance of single-stage compressor 
with hub-tip r a t i o  of 0.9. 
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Equivalent weight flow, w T / S ,  lb/sec 

Figure 5. - Over-all  performance of Blngle-stage com- 
p r e s s o r  with hub-tip r a t i o  of 0.8. 
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(a) Blade Wake at Initial t i p  stall. ApYFV = 0.3. 

c-29793 

Flgvre 6. - Comparison of blade wake at ro tor  t i p  at initial stall with normal wake f o r  
single-stage  compressor with hub-tip r a t i o  of-0.8.  R = 0.98; f = 7130 cps; H f l  = 162. 
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. 

(a) R = 0.991; iSpV/s = 0.76. (b) R = 0.982; ApVlpT = 0.70. 

Figure 7. - Oscillogramij showing propasating stall amplitude variation.with radius for 
single-stage ccrmpre8sor srith  hub-tip r a t i o  of 0,8. Com&?resaor opepting at point A,. 
of figure 4. f = 1120; IT/@ = 162; a = 60'; A -= 8. 
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Figure 8. - Hot-wire anemometer oscilhgram of propagating stall for single-stage 
ccmrpressor with hub-tip ratio of 0.8. Compressor operating a3 point C of flg- 
me 4. R = 0.937; f = 59; If/@= 162; a = 3OU; X = 1; ApV/pV = 1.30. 
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(a) R = 0.991; a = @; ApV/pF= 0.7. (b) R = 0.982; a = 60'; ApV/Z = 0.77. 

. 

:C) R = 0.937; a = 60°; ApV/S = 0.57. (a) R = 0.094; a = 60°; ApV/fl E 0.3. 

- 
T i n e  

v 
C-29797 

(e) R = 0.851; a = 30'; A p V B  I 0.2 (f) R = 0 &37; a = 30°; ApV/pT = 0.2.  

Figure 10. - Hot-wire anemmeter oscillogram .?f propagating stall for single-stage 
compressor Kith hub-tip ratio d 0.8. Compressor operating at plnt G of figure 5. 
f = 1420; ~ / f i =  203; A a. 
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Figure 11. - Hot-wire  anemometer  oscillogram of rotating stall for single-stage. 
cmpressor with  hub-tip ratio of 0.8.. R .= 0.937; $ = 77; lT/O = 203; a = 412; 
A = 1; ApV/pT = 1.2. Compressor operating at g o a t  I. of figure 5. 
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Equivalent weight flq, w n / € j ,  lb/sec 

Figure 13. - Over-all perfn-pmnce of single-stage - 
compressor w i t h  huh-tip r a t i o  of 0.5. See fig- 
we. 14 far radial surveys..at posi3ion B,  Ini- 
tial t l p  stall-is a t  position A. NIP = 225. 
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. v 
c-29800 

Figure 14, - Oeoillograms ehawing progapt lng  s t a l l  amplitude variation wTth radius   for  
single-stage compresaor with  hub-tip r a t i o  'a 0.5. - Compreesor operating a t  point B 
of figure 1.3. f = 1200; B/& u 225. , 
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I Compressor discharge 

Figure 15'. - stagnation pressure variations at cmpresaor idet discharge during surge for multistage 
campressor. N M -  51; large receiver volumej inlet; @/PO - +0.085g diecharge AP& - -0.17. 
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Figure 15. - Concluded. Stagnation pressure V ~ l a t i o m  a t  oompreaaor i n l e t  and dlaoharge  during surge 

AP/P3 = -0.17. 
for multistage ccpnpreasor. N/&- 51; large  receiver  volume; i n l e t  @/Po - M.085; dlsoharge 
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(b) High paper speed. w 
. ;  Figure 16. - Concluded. H0t-HlJ-e  anemometer output durl . surge;  anemmeter located  In  the 

seventh  stage  stator of m l t l s t a g e  compresnor. N/;/B 1%; large  receiver volume; a a 1050; 
surge ApV/fl - tO.3; propagating stal l  A p V / F  - 1.2. 
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. S h l l  AP/P3 = -0 -17 . .  Time - 
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( a )  Slow paper.  speed. 
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Figure 17'. - Stagnat ion  pressure  var ia t ion a t  compressor  discharge as 
surge .   l lne  I s  crossed.  Multistage  compressor. N/ / e .  =I 53; small 
r ece ive r  volume. 
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a t  all 

Angle of attack 

Figure 18. - Two-dimensional. c a s c k e  stall 
characterist ics.  
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Figure 19. - Man-ner . i n  which stal l  . , .  . propagates . . from 
blade t o  b lade .  
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Figure 20. - Sketch  indicating motion of propagating s t a l l .  
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O<ac x 
Anemometers 
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Compress 
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Posi t ive  direct ion 
of ro ta t ion  
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(a) Sketch showing anemometer location and propagating 
stall i n  campressar annulus. 
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Time 
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(b) o~c~llogram fran cathode ray oscilloscope,  clackwise  rotation of 
stall. 

- .. 
" 

- . . .  

a h  v 
( c )  Variat ion of y with ah, clockwise rotation of s t a l l .  

Figure 21. - Relations  necessary for determining number of 
propagating stalls. 

.I 



51 

1 h a 

e 

Time 

(d) Oscillogram from cathode ray oscilloscope,  counter- 
clockwise rotat ion of stall. 

1 

Y 
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a/ u v 
(e )  Variation of y with a/u, counterclockwise rotat ion 

of s tall .  

Figure 21. - Concluded. Relations  necessary  for  determining 
number of propagating stalls. 
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Figure 22. -- Varlatlqn of weight. flow fluctuatl.ons with anemometer. voltage 
f luctuat ion.  
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